and function. 6 However, prospective controlled studies on the renal hemodynamic effects of serelaxin in patients with heart failure, using the gold standard methods for measuring GFR and RPF, are lacking. We assessed, therefore, the renal hemodynamic effects of serelaxin in patients with symptomatic CHF, impaired renal function, and a baseline systolic blood pressure (SBP) ≥110 mm Hg.
Methods Study Design, Population, and Treatment
This study was a double-blind, randomized, parallel-group, placebo-controlled, multicenter study. Inclusion criteria were CHF with standard oral therapy, including stable oral furosemide 40 to 240 mg/d or equivalent, reduced left ventricular ejection fraction (≤45% within the past 6 months), brain natriuretic peptide ≥100 pg/mL or N-terminal prohormone of brain natriuretic peptide ≥400 pg/mL, New York Heart Association Class II to III, worsening symptoms within the previous 3 months, and mild-to-moderate renal impairment (estimated GFR [eGFR] 30-89 mL/min per 1.73 m 2 ). Key exclusion criteria comprised SBP <110 mm Hg, acute contrast-induced nephropathy (at the time of randomization), administration of intravenous radiographic contrast agent ≤72 hours before randomization or treatment with nonsteroidal anti-inflammatory drugs, and current or planned treatment with any intravenous vasoactive therapies or mechanical support. Furthermore, patients with clinically significant hepatic impairment, defined as any hepatic encephalopathy or total bilirubin >50 μmol/L or spontaneous international normalized ratio >2.0, were not considered for the study. Interventional treatment consisted of serelaxin (30 μg/kg per day) or matching placebo, each provided as a 24-hour intravenous infusion.
A central randomization scheme was used, and patients were randomized using consecutive randomization numbers in blocks of 4 for each of the 2 stratification factors: patients with prescribed daily dose of furosemide <120 mg or ≥120 mg orally, or equivalent dose of other loop diuretics, respectively.
Primary End Points
The 2 primary outcome measures were (1) para-aminohippuric acid (PAH) plasma clearance for RPF, and (2) iothalamate (IOTH) plasma clearance for GFR. The primary interval of interest was 8 to 24 hours after start of infusion. Renal blood flow (RBF) was defined as a coprimary end point in the study protocol and can be derived as RPF/(1−hematocrit). However, because RPF results are predominantly presented in the literature, RPF instead of RBF was treated as the coprimary end point, as specified in the statistical analysis plan that was finalized before database closure.
Secondary outcome variables included filtration fraction (FF), defined as the ratio of GFR to RPF in percentage, changes in urinary flow rate (diuresis), sodium excretion (natriuresis), and changes in SBP and diastolic blood pressure (DBP).
The plasma IOTH and PAH clearances were calculated as (intravenous infusion rate)/(plasma concentration) at each time point. We adjusted the infusion rate for the IOTH and PAH continuous infusion by individual eGFR (using the Modification of Diet in Renal Disease formula). The following formulas were used: infusion rate (mg/h) for IOTH=1.2×eGFR (mL/min) and infusion rate (mg/h) for PAH=5.5×eGFR (mL/min). For pooled time intervals (8-24 hours, 0-24 hours, and 24-28 hours), plasma concentration in the above formula was replaced by the time-weighted average plasma concentration (area under the curve divided by time). Baseline plasma clearance was derived using the 0-hour IOTH/ PAH concentration measurement.
The urinary PAH and IOTH clearances over each urine collection interval and pooled time intervals were calculated as (amount excreted in urine)/(plasma concentration area under the curve). For baseline (-3 to 0 hours), because plasma concentration was not available for the -3-hour time point, the area under the curve was predicted from a 1-compartment model fitted to the first 3 data points (0, 2, and 4 hours): Ct = (IV injection bolus dose/V)×exp(−K×t) + (IV infusionrate/(V×K))×(1−exp(−k×t))+error
Where V and K are the volume of distribution and elimination rate constant, respectively. Specifically: AUC = (IV injection bolus dose/(V×K))×(1−exp(−3×K))+ (IV infusion rate/(V×K×K))×(−1+exp(−3×k))+3× (IV infusion rate/(V×K))
Plasma clearance of PAH is considered to be the gold standard for RPF, and plasma clearance of IOTH was chosen over urinary clearance as the coprimary end point because fewer than half of the patients had change from baseline values available as a result of the difficulty in estimating the baseline values (the 1-compartment model often failed to converge).
Assessments
To assess renal hemodynamics, patients were placed in the recumbent position, and an intravenous bolus injection of PAH and IOTH was administered 3 hours before the start of study drug infusion, followed immediately by constant intravenous infusion (adjusted for individual eGFR) during study drug infusion, and for 4 hours after stopping study drug infusion (31 hours in total). Notably, oral loop diuretics were last to be taken by patients 24 hours before randomization. Parallel to study drug infusion, all patients were converted from their oral loop diuretic dose to a continuous intravenous infusion of furosemide, outlasting study drug infusion by 4 hours. The total daily dose of continuous intravenous furosemide was 50% of the prior total daily oral dose of furosemide. All patients were required to be on a stable (≥4 weeks) dose of furosemide 40 to 240 mg/d orally or equivalent dose of other loop diuretic at the time of study enrollment. If a patient had been taking an oral loop diuretic other than furosemide, the equivalent dose of oral furosemide was calculated and used to determine the furosemide dose for continuous intravenous infusion (eg, furosemide 40 mg=torsemide 20 mg=bumetanide 1 mg). All patients were treated with evidence-based medications for treatment of heart failure and had to be on a stable dose, particularly of loop diuretics (≥4 weeks). When domiciled, patients were to be on a standard weight-maintaining diet, ideally with small, caloric/salt equivalent portions approximately every 2 hours during the day until a light dinner at ≈7 PM. The total amount of Na/24 hours was ≈80 to 100 mmol. Patients could drink water ad libitum to ensure adequate hydration for urine collection and a target fluid intake of ≥240 mL every 4 hours during waking hours was recommended. Study patients were asked to void their bladder before/at the end of each urine collection interval. In general, meals were to be provided when all other study procedures scheduled for that time had been completed.
Serial blood and urine samples were analyzed to assess safety and effects on renal function and biomarkers. Circulatory biomarkers comprised N-terminal prohormone of brain natriuretic peptide and cystatin C.
Uniquely, the effects of serelaxin on RBF and redistribution of blood flow between the cortical and medullary kidney tissue were analyzed by positron emission tomography (PET)/computed tomography scanning with 15 O-water in a subset of nine patients. Details of the PET imaging procedure are outlined in the Data Supplement. In brief, patients were scanned using a Biograph mCT PET/computed tomography system (Siemens Medical Systems, Knoxville, TN), with a PET axial field of view of 21 cm. Low-dose computed tomography was used for attenuation correction of the region of interest (abdomen) and for anatomic delineation of the kidney aorta and the abdominal aorta. Renal cortical and medullary blood perfusion of the different regions was estimated by fitting the PET measured time activity curves to a validated 1-compartment model for 15 O-water. November 2014
Ethics
The study was approved by all local Ethics Committees and complied with the Declaration of Helsinki guidelines. Written informed consent was obtained from all patients.
Power and Sample Size Considerations
Assuming standard deviations (SD) of 40% for RPF and 45% for GFR, and the respective true mean treatment differences of 25.5% and 28.6%, 40 patients per group were predicted to provide at least 80% probability that the estimated treatment difference in percentage change from baseline is at least 17.8% for RPF and 20% for GFR and is statistically significant at the 0.05 level based on a 2-sided test. Assuming a dropout rate of 10%, 44 patients per group needed to be randomized. In a similar trial, it was shown that an adenosine A1 receptor antagonist increased RPF and GFR by 32% and 24%, respectively, relative to placebo treatment, over the first 8 hours after the start of study drug infusion. 8 An ≈20% lower effect on RPF and an ≈20% higher effect on GFR were considered to be clinically relevant and potentially achievable by serelaxin. The true mean treatment difference of 25.5% for RPF and 28.6% for GFR was, therefore, assumed. The respective estimated treatment difference of 17.8% and 20% was based on back calculation given a sample size of 40 patients per treatment arm.
Statistical Analyses
Statistical analyses were performed using SAS software. Relevant baseline variables were summarized and compared between the 2 treatments using methods appropriate for the underlying distribution. Specifically, continuous data were summarized using sample size, mean with SD, geometric mean with 95% confidence interval (biochemical variables only), and compared by a 2-sample t test, whereas categorical data were summarized using sample size, absolute and relative frequency and compared by a Fisher exact test.
ANCOVA was performed for time-weighted average (area under the curve divided by time) change from baseline for RPF, GFR, and FF in the log domain over 8 to 24, 0 to 24, and 24 to 28 hours, separately, using treatment and diuretic dose strata as classification factors and the corresponding log-transformed baseline values as covariate. Results were back-transformed to the original scale and expressed as ratio to baseline or percentage change from baseline. In addition, changes from baseline in RPF, GFR, and FF at each time point were analyzed. One patient in the serelaxin group had no PAH and IOTH concentration data at 24 and 26 hours. In addition, a total of 4 measurements from each of the 2 treatment groups (4 patients in the serelaxin group, 2 patients in the placebo group) were taken between 24 and 28 hours after PAH/IOTH infusion had stopped so were set to missing. The last observation carried forward method was used to impute these missing values before any statistical summary and analysis. The least squares mean difference and associated 95% confidence interval, as well as the P value, were obtained from the treatment comparison. Summaries of RPF, GFR, and FF, and of the percentage change in RPF, GFR, and FF from baseline based on ratio of geometric means (geomeans), were presented, and the geomeans plotted over time by treatment group.
Further secondary variables included changes in urinary flow rate (diuresis), sodium excretion rate (natriuresis), and creatinine clearance. Brachial SBP and DBP were summarized using descriptive statistics.
As a post hoc analysis, an ANCOVA with treatment and diuretic dose stratum as the classification factors, and baseline as a covariate, was performed on change from baseline creatinine clearance in the log domain (measurements including baseline were log-transformed before analysis) for each urinary pooled time interval (8-24, 0-24, and 24-28 hours). For brachial SBP and DBP, a post hoc ANCOVA with treatment as the classification factor, and baseline as a covariate, was performed on change from baseline values. Post hoc analyses were also performed for plasma/serum variables and urine flow rate as well as sodium excretion rate. Safety analyses comprised all patients on study drug infusion with ≥1 postbaseline safety assessment. Patients were analyzed according to treatment received. A 2-sided P<0.05 was considered statistically significant.
The statistical analyses were performed by inVentive Health Clinical, and all results were verified or reviewed by Novartis. The non-Novartis authors did not have direct access to the database. Novartis is ultimately accountable for the accuracy of the analysis results.
Exclusion of Results From One Study Site Before Database Closure
A blinded preliminary data review (before database closure) revealed clinically implausible outlier values for plasma and urine PAH and IOTH data considering the constant rate of administration of PAH and IOTH in this study. These outlier data largely originated from 1 study site (Figures I and II in the Data Supplement). Indeed, 20 of 22 patients from this site were considered outliers for PAH values. The reasons for the implausible PAH/IOTH values could not be identified, and a possible administration/sampling error could not be excluded. Consequently, all data from this study site (n=22 patients) were excluded from the primary pharmacodynamic analyses, and the results presented in the main body of the article refer to the subset of all patients from the other sites. The results of the total per-protocol study cohort, including the data from the site with questionable sampling, are provided in the Data Supplement (Tables I-III 
Results

Baseline Characteristics
Overall, 87 patients with CHF were randomized in 4 countries at 13 sites. The primary analysis was performed with data from 65 patients (serelaxin n=28; placebo n=37) ( Figure III in the Data Supplement). Details of baseline patient characteristics are shown in Table 1 .
Primary Outcome Variables
Renal Plasma Flow Serelaxin increased RPF from baseline in the 8 to 24 hours of infusion by 29% whereas a 14% increase was reported in the placebo-treated patients (relative increase of 13% with serelaxin; P=0.0386; Figure 1A ). In addition, RPF treatment differences were statistically significantly in favor of serelaxin for RPF least square (LS) geometric mean ratios to baseline over 0 to 24 hours and 24 to 28 hours, with treatment differences of 16% for both (P=0.0042 and 0.0115, respectively; Table 2 ). The maximum RPF change from baseline was 56% at 4 hours in the serelaxin group and 20% at 4 and 24 hours in the placebo group (data shown in Table I in the Data Supplement).
Glomerular Filtration Rate
There was no statistically significant treatment difference for the coprimary end point of GFR change from baseline over 8 to 24 hours, determined by plasma IOTH clearance (Figure 1B) . Treatment differences in GFR change from baseline over 0 to 24 hours and 24 to 28 hours were also nonsignificant (Table 2) . However, steady state of IOTH did not seem to have been achieved on start of the study drug infusion, which resulted in an underestimation of GFR during the first hours of infusion for both treatments.
To verify that the cause of this rising GFR over time was a methodological issue and not a true effect, we also determined GFR by urinary IOTH clearance and creatinine clearance. The results support the primary analysis showing no treatment difference comparing serelaxin with placebo, but do not show a rise in GFR (Figure 2 ) during study drug infusion in either treatment group.
Secondary Outcome Variables
Filtration Fraction FF increased from baseline over 8 to 24 hours, 0 to 24 hours, and 24 to 28 hours in both the serelaxin and placebo groups.
However, the FF changes from baseline over these time points were lower in serelaxin-treated patients compared with placebo-treated patients. Over 8 to 24 hours, serelaxin caused a relative decrease of FF by 16% compared with placebo Values are mean (SD) for clinical characteristics and geometric mean (95% confidence interval) for biochemical parameters, unless otherwise stated. ACE indicates angiotensin-converting enzyme; AICD, automatic implantable cardioverter-defibrillators; ARB, angiotensin receptor blocker; HF, heart failure; MRA, mineralocorticoid receptor antagonists; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; and NYHA, New York Heart Association.
*Serelaxin n=27, placebo n=37, total N=64. †Estimated glomerular filtration rate, derived using Modification of Diet in Renal Disease formula from serum creatinine at baseline, measured by the central laboratory.
‡Serelaxin n=27, placebo n=34, total N=61. §Serelaxin n=27, placebo n=35, total N=62.
(P=0.0019). Similar relative decreases in FF were found over 0 to 24 hours and 24 to 28 hours by 16% (P=0.0004) and 22% (P<0.0001), respectively ( Figure 3 ).
Blood Pressure
From mean baselines of 133.0±18.8 mm Hg in the serelaxin group and 125.3±14.5 mm Hg in the placebo group, changes in brachial SBP during the infusion period were largely similar between patients treated with either serelaxin or placebo ( Figure 4A ). Mean SBP remained below baseline after the end of the infusion. Baseline brachial DBP was also similar between the serelaxin group and the placebo group ( Figure 4B ). Only at the 8-hour time point were changes from baseline in brachial SBP and DBP significantly greater in serelaxin-treated patients compared with placebo. It is of note that changes in SBP and DBP were adjusted for baseline blood pressure differences.
Other Secondary Outcome Variables
No treatment differences were observed in sodium, potassium, creatinine, urea levels, and creatinine clearance (Table 3) . N-terminal prohormone of brain natriuretic peptide baseline values were similar in the 2 treatment groups, and no significant change from baseline was seen in either treatment group at any time point. Cystatin C baseline values were also similar in the 2 treatment groups and increased with time in the placebo group, but not in the serelaxin group. Both urinary flow rate and sodium excretion rate were significantly higher in the placebo-treated patients ( Table 3 ). The mean equivalent oral furosemide dose during the 24-hour infusion period was 60.1 (±6.85) mg in serelaxin-treated patients and 75.2 (±5.96) mg in placebo-treated patients (Table 3) .
PET/Computed Tomography Data
On day 1 (baseline), tissue blood perfusion as estimated from the K1 rate constant appeared to be ≈20% greater in the renal medulla than in the cortex of serelaxin-treated patients, whereas no difference was observed in the placebo group ( Figure 5 ). On day 2, K1 values remained stable in placebo patients, however increased by ≈35% with serelaxin, in both cortex and medulla. Accordingly, pre-and post-treatment values of the corresponding medulla/cortex ratios remained ≈1.2 and ≈1.0 with serelaxin and placebo, respectively. For both groups, the volume of distribution also appeared to be well below 1.0 and stable over the 24-hour treatment period (ie, ≈0.6 and ≈0.8 mL plasma/mL tissue for the cortex and the medulla, respectively), most likely indicative of a relatively strong rediffusion of H 2 15 O from the renal tissue into the circulation (ie, k2 rate constant, Figure IV in the Data Supplement). In line with this, Values are LS geomean ratio to baseline (SE), unless otherwise stated. *Serelaxin to placebo.
serelaxin induced an ≈30% increase in the reverse transport of H 2 15 O both in the cortex and the medulla ( Figure IV in the Data Supplement) whereas no change in k2 was detected in placebo-treated patients. Finally, V blood data ( Figure V in the Data Supplement) showed that the blood volume contributed to only ≈20% of the PET signal (ie, the PET signal emanates from the tissue), was similar in both cortex, and medulla and was unaffected by treatment.
Safety Parameters
Details on safety data refer to the safety analysis set of all 87 randomized patients. Eight serelaxin-treated patients (20.5%) and 12 placebo-treated patients (25.0%) reported ≥1 adverse event. The majority of adverse events were mild in nature (serelaxin: seven patients [ 2 patients [4.2%]) in severity. Overall, five serious adverse events were reported in 4 patients, and 2 had suspected relationship to study drug. One patient treated with serelaxin (2.1%) reported flushing, possibly caused by inadvertent administration of IOTH/PAH bolus, and 3 patients treated with placebo (6.3%) reported nausea or hypotension, hydrothorax, or an ischemic stroke. In 2 of the patients (1 patient in each group) who met the blood pressure safety criterion (decrease in SBP to <90 mm Hg), the study drug was stopped prematurely and permanently. In 1 serelaxin-treated patient, the infusion rate was halved based on the predefined criteria. In safety laboratory assessments, no changes in hematology or clinical chemistry measurements were notable or considered to be clinically relevant.
Discussion
In this double-blind study, using the gold standard methods for measuring renal hemodynamics, serelaxin increased RPF and reduced the increase in FF compared with placebo, but did not affect GFR.
The increase in RPF in serelaxin-treated patients is of interest and may be of clinical relevance. Central hemodynamic studies of serelaxin in patients with AHF showed that serelaxin decreased the mean pulmonary artery pressure and pulmonary capillary wedge pressure, indicating cardiac unloading. 9, 10 However, in these studies, serelaxin did not increase cardiac index. An increase in cardiac index as an explanation for the increase in RPF with serelaxin in this study is, therefore, unlikely. Another explanation for the increase in RBF in this study might be related to a possible reduction in venous congestion with serelaxin, which has been related to renal perfusion in several studies. [11] [12] [13] [14] However, as we did not measure venous pressures, we cannot support this potential explanation. Third, the increase in RPF in the absence of an increase in GFR might be explained by a direct renal vasorelaxant effect of serelaxin, probably by both renal afferent and efferent vasorelaxation, leading to unloading of the glomerulus.
Several studies have shown that RBF (and, in turn, RPF) is the main driver of preservation of renal function, both in AHF and CHF. [11] [12] [13] [14] It could, therefore, be expected that an increase in RPF results in an improvement in GFR. Correspondingly, a recent biomarker analysis of the RELAX-AHF trial showed that serelaxin-treated patients had lower serum creatinine and cystatin C values compared with placebo-treated patients. 4 However, GFR remained unchanged in the present study, and results may, therefore, seem contradictory. Because we could confirm the absence of a treatment effect of serelaxin on urinary IOTH and creatinine clearances, the treatment comparison for plasma IOTH clearance is considered valid, despite the methodological limitation with regards to steady state attainment of IOTH at baseline and during the early hours of study drug infusion for both serelaxin and placebo treatments.
Most importantly, it needs to be emphasized that this study included patients with CHF whereas RELAX-AHF included patients with AHF. 3 Patients with CHF were chosen for the current study as large volume shifts occurring in patients with AHF may mask treatment effects in a relatively small study like this. However, it is reasonable to assume that renal function is more seriously compromised during acute hemodynamic deterioration in patients with acute decompensated heart failure. 1 Interestingly, both Ljungman et al 11 and Smilde et al 14 showed that in patients with CHF, GFR remains stable even when renal blood pressure dropped. As a result, FF increases, probably by efferent vasoconstriction, to maintain glomerular filtration. However, this increase in FF is associated with an increase in intraglomerular pressures, potentially leading to renal damage in the long term. In the current study, serelaxin resulted in a relative reduction of FF, thereby unloading the glomerulus, potentially leading to preservation of renal function over time. The absence of improvement of GFR in our study is supported by the lack of marked differences in serum creatinine, blood urea nitrogen, and cystatin C values between the serelaxin-and placebo-treated CHF patients.
The increase in RPF in this study is further supported by an independent assessment, namely a PET study in a subset of patients. In the serelaxin-treated patients, serelaxin substantially increased RBF, both in the cortex and medulla, whereas no changes were found in the placebo-treated patients. These findings indicate that serelaxin increases renal perfusion and support the hypothesis that the effects of serelaxin on renal function can be explained by a direct intrarenal effect.
How could the observed change in renal hemodynamics support long-term preservation of renal function? The increase in RBF without change in GFR leads to a reduction in FF. In animal experiments in remnant kidney models, an elevated FF, indicating elevated glomerular pressure, consistently predicts a more pronounced future renal function decline, whereas reduction of FF, by renin-angiotensinaldosterone system-blockade, which induces a rise in RBF with unchanged GFR, results in protection against renal function loss, assumed to be mediated predominantly by the decrease in filtration pressure. 15 This renal hemodynamic pattern, which is elicited by afferent and predominatly efferent vasodilation, displays an attractive similarity to the current findings with serelaxin. However, no such data are available in heart failure, and substantial differences in renal hemodynamics between heart failure, where overall RBF is decreased, and remnant kidney, where nephron blood flow is increased, preclude straightforward extrapolation. In humans, moreover, longitudinal data on the prognostic effects of renal hemodynamics on outcome are virtually absent, because of the demanding nature of renal hemodynamic studies, which conflicts with the sample size needed for hard end point studies. Nevertheless, we found previously that a higher FF (low RBF relative to GFR) is an independent predictor of future renal function loss in human transplant recipients. 16 To the best of our knowledge, this is the only human study that provides a direct analysis of the predictive effect of renal hemodynamics on renal and overall outcome. Interestingly, in this study in renal transplant recipients, a higher FF was also a predictor of mortality, and approximately half of the mortality was cardiovascular. A possible mechanism linking higher FF to worse overall outcome is the effect on renal sodium handling: elevated FF blunts renal sodium excretion by its effects on the peritubular Starling force. Of note, such a renal hemodynamic profile is not assumed to lead to an abrupt rise in sodium excretion, but rather to a gradual loss of sodium and water that evolves over several days.
In spite of the consistent data from the renal field, however, it is a limitation to the current study that the prognostic value of a particular renal hemodynamic pattern in heart failure patients has not been substantiated.
Serelaxin did not seem to have natriuretic and diuretic effects in this study because urinary flow rate and sodium excretion rate were even higher in patients treated with placebo. Given the observation that GFR was unchanged, and RPF increased, a reduction in sodium excretion and urinary flow rate is difficult to explain. Finally, similar to previous studies with serelaxin in AHF, 3, 17 the drug was well tolerated in this CHF population with a safety profile comparable to placebo.
This study has some limitations. First, the implausible outlier values of IOTH and PAH occurred in patients treated at 1 study site. Meticulous efforts were performed to find out the origin of these outliers, unfortunately without success. Before unblinding, a decision was taken, therefore, to exclude all 22 patients from this single site for the primary analysis, hence seriously compromising the statistical power of the study. Second, steady state of IOTH had not been reached by the start of study drug infusion, which may in part be explained by the physiological circadian rhythm in GFR. 18 However, for the primary end point, the between-treatment difference was of interest and change between 8 and 24 hours was prespecified in this study. We do not feel that this lack of steady state altered the findings related to the changes between serelaxin and placebo groups, which were further corroborated by urinary IOTH and creatinine clearance results. Finally, serelaxin is currently under investigation in patients with AHF, whereas this study was performed in patients with CHF.
In conclusion, in patients with CHF, serelaxin increased RPF and reduced glomerular FF relative to placebo, but did not increase GFR. These data indicate a direct renal vasorelaxant effect of serelaxin. O from plasma to tissue, in medulla (A) and cortex (B).
